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Abstract
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I. INTRODUCTION
Recently several experiments have reported evidences for pentaquarks Θ and other
states[1, 2, 3]. The first observed pentaquark state was the Θ(1540) with strangeness S = +1
and was identified as a state with quark content ududs¯. This particle is an isosinglet and
belongs to the anti-decuplet multiplet in flavor SU(3)f symmetry[4]. Consequently NA49
has reported evidences for isoquated Ξ3/2 in the anit-decuplet[2]. At present there are very
limited information on the detailed properties such as the spin, the parity and the magnetic
dipole moment. Several other experiments have also carried out searches for these particles.
Some of them reported positive and while others reported negative results[3]. One has to
wait future experiments to decide whether these pentaquark state are real. On the theoret-
ical front, there are also many studies trying to understand the propertices of these possible
pentaquark states[5, 6, 7, 8, 9]
In this paper we explore possibilities of studying the properties of pentaquark Θ and
its partners in the SU(3) anti-decuplet multiplet, using radiative processes involving a pen-
taquark P , an ordinary baryonN and a pseudoscalar Π. We consider two classes of processes,
the photoproduction γ +N → ΠP and radiative decay P → NΠγ.
In the above N and Π indicate a member in the ordinary baryon octet and pseudoscalar
octet of SU(3)f , respectively. They are given by
N = (N ji ) =


Σ0√
2
+ Λ√
6
Σ+ p
Σ− −Σ0√
2
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6
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
 .(1)
P is a member of the anti-decuplet (10) pentaquark multiplet. This multiplet has 10
members which can be described by a totally symmetric tensor P ijk in SU(3). The 10
memebers are
P 111 = Ξ−−
3/2 , P
112 = Ξ−
3/2/
√
3, P 122 = Ξ03/2/
√
3, P 222 = Ξ+
3/2,
P 113 = Σ−a /
√
3, P 123 = Σ0a/
√
6, P 223 = Σ+a /
√
3,
P 133 = N0a/
√
3, P 233 = N+a /
√
3, P 333 = Θ+. (2)
Without SU(3)f symmetry breaking members in a SU(3)f multiplet all have the same
2
mass. The degeneracy of mass is lifted by the light quark mass differences, mu, md and ms.
Using information on the masses of Θ and Ξ3/2 including the leading SU(3)f breaking effects,
the masses of the anti-decuplet members are given by[5] mΘ = 1542 MeV, mΞ3/2 = 1862
MeV, mΣa = 1755 MeV, and mNa = 1648 MeV.
Discussions for radiative processes involving a P , a N , a Π and a γ with spin-1/2 pen-
taquarks have been carried out in several papers[5, 6]. There are also some studies for
spin-3/2 pentaquarks[7], but no detailed studies of radiative processes. In this work we will
consider both spin-1/2 and spin-3/2 cases and paying particular attention for the differences.
Since in the processes considered involve pseudoscalar goldstone bosons π and K, we will
use chiral perturbation theory to carry out the analysis.
II. THE MATRIX ELEMENTS FOR RADIATIVE PROCESSES
The leading order diagrams for the radiative processes involving a P , a N , a Π and a γ
are shown in Figure 1. The electromagnetic coupling of photon with Π and N are known.
To evaluate these diagrams, we need to know the various couplings involving pentaquarks.
A. The spin-1/2 case
There are two types of electromagnetic couplings, the electric charge and magnetic dipole
interactions. The leading chiral electric charge and magnetic dipole couplings are given by
Le = P¯ iγ
µDµP = P¯ijkiγ
µ(∂µP
ijk − V iµ,lP ljk − V jµ,lP ilk − V kµ,lP ijl),
Lm =
µP
4
P¯ijkσ
µν(f iµν,lP
ljk + f jµν,lP
ilk + fkµν,lP
ijl), (3)
where Vµ = (1/2)(ξ
†∂µξ + ξ∂µξ†) + i(e/2)Aµ(ξ†Qξ + ξQξ†). Here ξ = exp[iΠ/
√
2fpi] and
Q = Diag(2/3,−1/3,−1/3) is the quark charge matrix and Aµ is the photon field. f jµν,i =
Fµν(ξ
†Qξ+ξQξ†)ji with Fµν being the photon field strength. Expanding to the leading order,
we have for each individual pentaquark
Le = −eQiP¯iγµAµPi,
Lm = −
eµPQi
2
P¯iσ
µνFµνPi. (4)
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We note that for neutral pentuaquarks, to the leading order the anomalous dipole mo-
ments are zero. The kappa parameter κP = 2mPµP have been estimated to be of order
one[8]. In our analysis we will treat it as a free parameter to see if experimental data can
provide some information.
We also need to know the strong interaction coupling of a pentaquark with an ordinary
baryon and a pseudoscalar. It can be parameterized as
LPNΠ = gPNΠP¯ilmΓPγ
µ(A˜µ)
l
jN
m
k ǫ
ijk +H.C. (5)
In the above Γp takes “+1” and “γ5” if P has negative and positive parities, respectively.
A˜µ = (i/2)(ξ
†∂µξ − ξ∂µξ†)− (e/2)Aµ(ξ†Qξ − ξQξ†).
Expanding the above effective Lagrangian to the leading order we obtain P −N −Π type
of couplings. The results are given in Table 1.
FIG. 1: Radiative processes involving a pentaquark, an octet baryon and an octet meson.
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TABLE I: P -N -Π couplings in unit gPNΠ/
√
2fpi. The couplings in the tables are understood to be
in the form −aPNΠP¯ΓPγµN∂µΠ. The coefficient in front of NΠ in the second column is −aPNΠ.
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6
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√
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√
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√
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6
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√
3Ξ−K0)
Σ0a
1
6
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√
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√
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√
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1
6
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The contact γ-P -N -Π coupling in Figure 1.d is obtained from a term
iegPNΠAµP¯ilmΓPγ
µ[Π, Q]ljN
m
k ǫ
ijk obtained by expanding LPNΠ.
In the following we display the matrix element for P → NΠγ. The matrix element for
γN → PΠ can be obtained by making appropriate changes of signs for the relevant particle
momenta. We have
M(P → NΠγ) = egPNΠ√
2f
aPNΠǫ
∗
µN¯ [QΠΓPγ
µ
− (QNγµ +
µN
2
[γµ, γ · Pγ])
1
γ · Pγ + γ · PN −mN
ΓPγ · Ppi
− ΓPγ · PΠ
1
γ · PN + γ · PΠ −mP
(QPγ
µ +
µP
2
[γµ, γ · Pγ])
− QΠ
(2PΠ + Pγ)
µ
(PΠ + Pγ)2 −m2Π
ΓP (γ · PΠ + γ · Pγ)]P. (6)
For Θ+ → nK+γ, aPNΠ = aΘnK = 1, QP = QΘ = 1, QN = Qn = 0, QΠ = QK+ = 1.
For Θ+ → pK0γ, aPNΠ = aΘpK = −1, QN = Qp = 1 and QK0 = 0. For Ξ−−3/2 → Σ−K−γ,
aPNΠ = aΞ−−
3/2
Σ−K− = −1, QP = QΞ−−
3/2
= −2, QN = QΣ− = −1, QΠ = QK− = −1.
And for Ξ−−
3/2 → Ξ−π−γ, aPNΠ = aΞ−−
3/2
Ξ−pi− = 1, QP = QΞ−−
3/2
= −2, QN = QΞ− = −1,
QΠ = Qpi− = −1.
The parameter gPNΠ can be determined from a pentaquark P decays into a baryon and
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a meson. For example
g2PNΠ
2f 2pi
=
Γ(Θ+ → nK+)16πmΘ
(mn + PˆmΘ)2((mn − PˆmΘ)2 −m2K)Phase
,
Phase =
√
(1− (mK +mn)2/m2Θ)((1− (mK −mn)2/m2Θ)). (7)
In the above “Pˆ” is the eigenvalue of the parity, it takes “+” for positive parity and “−”
for negative parity pentaquark, respectively.
From Table 1 we see that Θ+ only has two strong decay channels, pK0 and nK+. The
total width of Θ+ is therefore ΓΘ = Γ(Θ
+ → pK0)+Γ(Θ+ → nK+). If the ΓΘ is determined,
one can determine g2PNpi from eq.7
B. The spin-3/2 case
In this case one needs to use the Rarita-Schwinger field for pentaquarks P µilm. The elec-
tromagnetic couplings needed are modified compared with spin-1/2 particles, and they are
given by
Le = P¯
αiγµDµPα = P¯
α
ijkiγ
µ(∂µP
ijk
α − V iµ,lP ljkα − V jµ,lP ilkα − V kµ,lP ijlα ),
Lm =
µP
4
P¯ αijkσ
µν(f iµν,lP
ljk
α + f
j
µν,lP
ilk
α + f
k
µν,lP
ijl
α ). (8)
Since a spin-3/2 particle can have dipole and quadrupole moments, if both are not zero,
one should add another term to the electromagnetic couplings,
Lq = τP P¯νF
µνPµ, (9)
We will take it to be zero in our later discussions.
The chiral Lagrangian for strong coupling involving a pentaquark, a baryon and a pseu-
doscalar is given by
LPNΠ = gPNΠP¯
µ
ilmγ5ΓP (Aµ)
l
jN
m
k ǫ
ijk +H.C. (10)
From the above we have
6
Γ(P → NΠ) = g
2
PNΠ
2f 2
Phase
16πmP
1
3
((PˆmP +mN)
2 −m2Π)
× ( 1
4m2P
(m2P +m
2
Π −m2N)2 −m2Π). (11)
Combining the above information we obtain the matrix element for P → NΠγ
M(P → NΠγ) = egPNΠ√
2f
aPNΠǫ
∗
µN¯ [QΠγ5ΓP g
µν
− (QNγµ +
µN
2
[γµ, γ · Pγ])
1
γ · Pγ + γ · PN −mN
γ5ΓPP
ν
pi
+ γ5ΓPP
α
ΠG
ν
α (QPγ
µ +
µP
2
[γµ, γ · Pγ ])
− QΠ
(2PΠ + Pγ)
µ
(PΠ + Pγ)2 −m2Π
γ5ΓP (PΠ + Pγ)
ν ]Pν . (12)
In the above Gµν is the spin-3/2 propagator resulting from the following most general
Lagrangian[10]
L = P¯µΛ
µνPν ,
Λµν = (γ · PP −mP )gµν + A(γµP νP + P µP γν)
+
1
2
(3A2 + 2A + 1)γµγ · PPγν +mP (3A2 + 3A+ 1)γµγν . (13)
The propagator is given by[10]
Gµν =
1
γ · PP −mP
(−gµν + 1
3
γµγν +
1
3mP
(γµP νP − P µP γν) +
2
3m2P
P µPP
ν
P )
− 1
3m2P
A + 1
(2A+ 1)2
((2A+ 1)(γµP νP + P
µ
P γ
ν)
− A+ 1
2
γµ(γ · PP + 2mP )γν +mγµγν). (14)
To include interaction with photon, one uses the minimal substitution which guarantees
gauge invariance to obtain the couplings. The lowest order interaction vertex QP P¯αΓ
αβ
µ Pβ
which is different than spin-1/2 interaction vertex QP P¯ γµP . Γ
αβ
µ is given by
γµgαβ + A(γαg
µ
β + g
µ
αγβ) +
1
2
(3A2 + 2A+ 1)γαγµγ
β. (15)
The final result is A independent. In eq.12 we have chosen a particular case of A = 0 for
simplicity. Therefore one should also use G να with A = 0 in eq.14.
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III. NUMERICAL RESULTS
In our numerical studies, we will concentrate on processes involving pentaquarks with
exotic quantum numbers, the Θ and Ξ−−
3/2 . Processes involving other pentaquarks can be
similarly carried out. We now display our numerical results for both spin-1/2 and spin-
3/2, and different parities cases. For the pentaqaurk masses, we use mΘ = 1542 MeV and
mΞ3/2 = 1862 MeV. We will treat the magnetic dipole moments as free parameters and let
κP = 2mPµP to vary between −1 to 1. The parameter gPNΠ is determined by the decay
width of the pentaquark. In our calculations we will express it as a function of Γθ.
A. Photoproduction
Photoproduction of pentaquark can provide useful information about the pentaquark
properties[6]. An easy way of photoproduction of pentaqaurks is through a photon beam
collides with a fixed target containing protons and neutrons. In this case, only production
of Θ is possible via γn → Θ+K−, and γp → Θ+K¯0. The results for the cross sections in
the laboratory frame (fixed n and p) as functions of photon energies for both spin-1/2 and
spin-3/2 are shown in Figs. 2 and 3.
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FIG. 2: Cross sections for γn→ Θ+K− in the laboratory frame with spin 1/2 and 3/2. Figures a
and b are for positive and negative parities, respectively
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FIG. 3: Cross sections for γp→ Θ+K¯0 in the laboratory frame with spin-1/2 and spin-3/2. Figures
a and b are for positive and negative parities, respectively
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From Figs 2 and 3, it can be seen that for spin-1/2 case the cross section for γn→ Θ+K−
with positive parity has larger cross section than negative parity case. For example for
κΘ = 0 and Eγ = 2.4 GeV, the cross sections for these two cases are 155Γ(Θ
+)nb ·MeV −1
and 17Γ(Θ+)nb·MeV −1, respectively. The cross section for γp→ Θ+K0 with positive parity
has larger cross section than negative parity case, the cross sections for these two cases are
47Γ(Θ+)nb ·MeV −1 and 18Γ(Θ+)nb ·MeV −1, respectively.
For spin-3/2, the negative parity case has larger cross section compared with positive
parity case. For example with κΘ = 0 and Eγ = 2.4 GeV, the cross sections for γn→ Θ+K−
9
are 2350Γ(Θ+)nb ·MeV −1 and 691Γ(Θ+)nb ·MeV −1 for negative parity and positive parity.
The cross sections for γp → Θ+K0 are 1953Γ(Θ+)nb ·MeV −1 and 184Γ(Θ+)nb · MeV −1
respectively.
One can clearly see from Figures 2 and 3 that regardless the parity, spin-3/2 pentaquark
has cross section larger than spin-1/2. This can provide important information about the
spin. The separation between the cross sections with positive and negative parities is large
which can be used to obtain information about the parity of the pentaqaurk too.
The cross sections also depend on magnetic dipole moment of pentaquarks. From the
figures we see that the changes in the cross section can vary several times when κ changes
from -1 to 1.
The case for Θ with spin-1/2 has been discussed in Ref.[5, 6]. Our approach is the
same as that used in Ref.[5] and we agree with their results which are shown in Fig. 2.
Our approach is different than that used in Ref.[6]. This leads to the different behavior of
photon energy Eγ dependence. Detailed experimental data will provide more information
about the underlying theory for photoproduction. In our estimate we have neglected other
possible intermediate states, such as K∗ which can change the cross section. But model
calculations show that K∗ contribution does not change the general features[6]. We expect
that the results obtained here provide a reasonable estimate.
B. Radiative Decays
Once pentaquarks are produced they can decay radiatively through Θ+ → γK+n, Θ+ →
γK0p, and Ξ−−
3/2 → γK−Σ−, Ξ−−3/2 → γπ−Ξ−, respectively.
It is well known that there are divergencies when photon energies approach zero in radia-
tive decays of the types discussed here. To remedy these divergencies, we require that the
photon energies to be larger than 0.05 MeV. The results for radiative Θ decays are shown
in Figs. 4 and 5. The results for radiative Ξ−−
3/2 decays are shown in Figs. 6 and 7.
10
FIG. 4: Radiative Θ+ → γnK+ decay for spin-1/2 and spin-3/2. Figures a and b are for positive
and negative parities, respectively
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FIG. 5: Radiative Θ+ → γpK¯0 decay for spin-1/2 and spin-3/2. Figures a and b are for positive
and negative parities, respectively
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For Θ+ radiative decays, the branching ratios for spin-1/2 and spin-3/2 cases are approx-
imately 1.3 × 10−3 and 4 × 10−4 for Θ+ → γnK+ and Θ+ → γpK0, respectively. These
can be used to check the consistence of the model. However, the branching ratios for these
decays are not sensitive to the spin, parity and anomalous magnetic dipole moment of the
pentaqaurks.
The situation changes when consider radiative decays of Ξ−−. From Figs. 6 and 7, one
can see that the branching ratios for spin-1/2 cases are about two times larger than the
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branching ratios for spin-3/2 cases. It is also interesting to note that the branching ratio for
Ξ−− → γΞ−π− is at the level of a few percent which may be easily studied experimentally.
FIG. 6: Radiative Ξ−−
3/2 → γΣ−K− decay for spin-1/2 and spin-3/2. Figures a and b are for positive
and negative parities, respectively
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FIG. 7: Radiative Ξ−−
3/2 → γΞ−pi− decay for spin-1/2 and spin-3/2. Figures a and b are for positive
and negative parities, respectively
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In conclusion we have studied several radiative processes of pentaquarks using chiral
perturbatin theory. We find that the photoproduction cross sections of Θ+ are sensitive
to the spin, parity and anomalous magnetic dipole moment of the pentaquark. Radiative
decays of Θ+ can also provide consistent check of the theory although these decays are not
very sensitive to the spin, parity and anomalous magnetic dipole moment. Radiative decays
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of Ξ−− are sensitive to the spin of the pentaquark. Near future experiments on pentaquark
radiative processes can provide important information about pentaquark properties.
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I. INTRODUCTION
Recently several experiments have reported evidences for pentaquarks Θ and other
states[1–3]. The first observed pentaquark state was the Θ(1540) with strangeness S = +1
and was identified as a state with quark content ududs¯. This particle is an isosinglet and
belongs to the anti-decuplet multiplet in flavor SU(3)f symmetry[4]. Consequently NA49
has reported evidences for isoquated Ξ3/2 in the anit-decuplet[2]. At present there are very
limited information on the detailed properties such as the spin, the parity and the magnetic
dipole moment. Several other experiments have also carried out searches for these particles.
Some of them reported positive and while others reported negative results[3]. One has to
wait future experiments to decide whether these pentaquark state are real. On the theoret-
ical front, there are also many studies trying to understand the propertices of these possible
pentaquark states[5–9]
In this paper we explore possibilities of studying the properties of pentaquark Θ and
its partners in the SU(3) anti-decuplet multiplet, using radiative processes involving a pen-
taquark P , an ordinary baryonN and a pseudoscalar Π. We consider two classes of processes,
the photoproduction γ +N → ΠP and radiative decay P → NΠγ.
In the above N and Π indicate a member in the ordinary baryon octet and pseudoscalar
octet of SU(3)f , respectively. They are given by
N = (N ji ) =


Σ0√
2
+ Λ√
6
Σ+ p
Σ− −Σ0√
2
+ Λ√
6
n
Ξ− Ξ0 − 2Λ√
6

 , Π = (Π
j
i ) =


pi0√
2
+ η√
6
π+ K+
π− − pi0√
2
+ η√
6
K0
K− K¯0 − 2η√
6

 .(1)
P is a member of the anti-decuplet (10) pentaquark multiplet. This multiplet has 10
members which can be described by a totally symmetric tensor P ijk in SU(3). The 10
memebers are
P 111 = Ξ−−
3/2 , P
112 = Ξ−
3/2/
√
3, P 122 = Ξ03/2/
√
3, P 222 = Ξ+
3/2,
P 113 = Σ−a /
√
3, P 123 = Σ0a/
√
6, P 223 = Σ+a /
√
3,
P 133 = N0a/
√
3, P 233 = N+a /
√
3, P 333 = Θ+. (2)
Without SU(3)f symmetry breaking members in a SU(3)f multiplet all have the same
2
mass. The degeneracy of mass is lifted by the light quark mass differences, mu, md and ms.
Using information on the masses of Θ and Ξ3/2 including the leading SU(3)f breaking effects,
the masses of the anti-decuplet members are given by[5] mΘ = 1542 MeV, mΞ3/2 = 1862
MeV, mΣa = 1755 MeV, and mNa = 1648 MeV.
Discussions for radiative processes involving a P , a N , a Π and a γ with spin-1/2 pen-
taquarks have been carried out in several papers[5, 6]. There are also some studies for
spin-3/2 pentaquarks[7], but no detailed studies of radiative processes. In this work we will
consider both spin-1/2 and spin-3/2 cases and paying particular attention for the differences.
Since in the processes considered involve pseudoscalar goldstone bosons π and K, we will
use chiral perturbation theory to carry out the analysis.
II. THE MATRIX ELEMENTS FOR RADIATIVE PROCESSES
The leading order diagrams for the radiative processes involving a P , a N , a Π and a γ
are shown in Figure 1. The electromagnetic coupling of photon with Π and N are known.
To evaluate these diagrams, we need to know the various couplings involving pentaquarks.
A. The spin-1/2 case
There are two types of electromagnetic couplings, the electric charge and magnetic dipole
interactions. The leading chiral electric charge and magnetic dipole couplings are given by
Le = P¯ iγ
µDµP = P¯ijkiγ
µ(∂µP
ijk − V iµ,lP ljk − V jµ,lP ilk − V kµ,lP ijl),
Lm =
µP
4
P¯ijkσ
µν(f iµν,lP
ljk + f jµν,lP
ilk + fkµν,lP
ijl), (3)
where Vµ = (1/2)(ξ
†∂µξ + ξ∂µξ†) + i(e/2)Aµ(ξ†Qξ + ξQξ†). Here ξ = exp[iΠ/
√
2fpi] and
Q = Diag(2/3,−1/3,−1/3) is the quark charge matrix and Aµ is the photon field. f jµν,i =
Fµν(ξ
†Qξ+ξQξ†)ji with Fµν being the photon field strength. Expanding to the leading order,
we have for each individual pentaquark
Le = −eQiP¯iγµAµPi,
Lm = −
eµPQi
2
P¯iσ
µνFµνPi. (4)
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We note that for neutral pentuaquarks, to the leading order the anomalous dipole mo-
ments are zero. The kappa parameter κP = 2mPµP have been estimated to be of order
one[8]. In our analysis we will treat it as a free parameter to see if experimental data can
provide some information.
We also need to know the strong interaction coupling of a pentaquark with an ordinary
baryon and a pseudoscalar. It can be parameterized as
LPNΠ = gPNΠP¯ilmΓPγ
µ(A˜µ)
l
jN
m
k ǫ
ijk +H.C. (5)
In the above Γp takes “+1” and “γ5” if P has negative and positive parities, respectively.
A˜µ = (i/2)(ξ
†∂µξ − ξ∂µξ†)− (e/2)Aµ(ξ†Qξ − ξQξ†).
Expanding the above effective Lagrangian to the leading order we obtain P −N −Π type
of couplings. The results are given in Table 1.
FIG. 1: Radiative processes involving a pentaquark, an octet baryon and an octet meson.
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Π
γ
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P
γ
Π
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P
Π
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P Π
γ
N(d)
4
TABLE I: P -N -Π couplings in unit gPNΠ/
√
2fpi. The couplings in the tables are understood to be
in the form −aPNΠP¯ΓPγµN∂µΠ. The coefficient in front of NΠ in the second column is −aPNΠ.
Θ+ −nK+ + pK0
N0a
1
6
(−3
√
2nη + 3
√
2ΛK0 +
√
6Σ0K0 −
√
6npi0 + 2
√
3ppi− − 2
√
3Σ−aK
+)
N+a
1
6
(3
√
2pη − 3
√
2ΛK+ +
√
6Σ0K+ −
√
6ppi0 − 2
√
3npi+ + 2
√
3Σ+K0)
Σ−a
1
6
(2
√
3nK− + 3
√
2Λpi− +
√
6Σ0pi− − 3
√
2Σ−η −
√
6Σ−pi0 − 2
√
3Ξ−K0)
Σ0a
1
6
(
√
6nK¯0 −
√
6pK− − 3
√
2Λpi0 + 3
√
2Σ0η −
√
6Σ−pi+ +
√
6Σ+pi− −
√
6Ξ0K0 +
√
6Ξ−K+)
Σ+a
1
6
(−2
√
3pK¯0 − 3
√
2Λpi+ +
√
6Σ0pi+ + 3
√
2Σ+η −
√
6Σ+pi0 + 2
√
3Ξ0K+)
Ξ−−
3/2 Σ
−K− − Ξ−pi−
Ξ−
3/2
1
6
(−2
√
6Σ0K− + 2
√
3Σ−K¯0 − 2
√
3Ξ0pi− + 2
√
6Ξ−pi0)
Ξ0
3/2
1
6
(−2
√
6Σ0K¯0 − 2
√
3Σ+K− + 2
√
3Ξ0pi0 + 2
√
6Ξ−pi+)
Ξ+
3/2 −Σ
+K¯0 + Ξ0pi+
The contact γ-P -N -Π coupling in Figure 1.d is obtained from a term
iegPNΠAµP¯ilmΓPγ
µ[Π, Q]ljN
m
k ǫ
ijk obtained by expanding LPNΠ.
In the following we display the matrix element for P → NΠγ. The matrix element for
γN → PΠ can be obtained by making appropriate changes of signs for the relevant particle
momenta. We have
M(P → NΠγ) = egPNΠ√
2f
aPNΠǫ
∗
µN¯ [QΠΓPγ
µ
− (QNγµ +
µN
2
[γµ, γ · Pγ])
1
γ · Pγ + γ · PN −mN
ΓPγ · Ppi
− ΓPγ · PΠ
1
γ · PN + γ · PΠ −mP
(QPγ
µ +
µP
2
[γµ, γ · Pγ ])
− QΠ
(2PΠ + Pγ)
µ
(PΠ + Pγ)2 −m2Π
ΓP (γ · PΠ + γ · Pγ)]P. (6)
For Θ+ → nK+γ, aPNΠ = aΘnK = 1, QP = QΘ = 1, QN = Qn = 0, QΠ = QK+ = 1.
For Θ+ → pK0γ, aPNΠ = aΘpK = −1, QN = Qp = 1 and QK0 = 0. For Ξ−−3/2 → Σ−K−γ,
aPNΠ = aΞ−−
3/2
Σ−K− = −1, QP = QΞ−−
3/2
= −2, QN = QΣ− = −1, QΠ = QK− = −1.
And for Ξ−−
3/2 → Ξ−π−γ, aPNΠ = aΞ−−
3/2
Ξ−pi− = 1, QP = QΞ−−
3/2
= −2, QN = QΞ− = −1,
QΠ = Qpi− = −1.
The parameter gPNΠ can be determined from a pentaquark P decays into a baryon and
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a meson. For example
g2PNΠ
2f 2pi
=
Γ(Θ+ → nK+)16πmΘ
(mn + PˆmΘ)2((mn − PˆmΘ)2 −m2K)Phase
,
Phase =
√
(1− (mK +mn)2/m2Θ)((1− (mK −mn)2/m2Θ)). (7)
In the above “Pˆ” is the eigenvalue of the parity, it takes “+” for positive parity and “−”
for negative parity pentaquark, respectively.
From Table 1 we see that Θ+ only has two strong decay channels, pK0 and nK+. The
total width of Θ+ is therefore ΓΘ = Γ(Θ
+ → pK0)+Γ(Θ+ → nK+). If the ΓΘ is determined,
one can determine g2PNpi from eq.7
B. The spin-3/2 case
In this case one needs to use the Rarita-Schwinger field for pentaquarks P µilm. The elec-
tromagnetic couplings needed are modified compared with spin-1/2 particles, and they are
given by
Le = P¯
αiγµDµPα = P¯
α
ijkiγ
µ(∂µP
ijk
α − V iµ,lP ljkα − V jµ,lP ilkα − V kµ,lP ijlα ),
Lm =
µP
4
P¯αijkσ
µν(f iµν,lP
ljk
α + f
j
µν,lP
ilk
α + f
k
µν,lP
ijl
α ). (8)
Since a spin-3/2 particle can have dipole and quadrupole moments, if both are not zero,
one should add another term to the electromagnetic couplings,
Lq = τP P¯νF
µνPµ, (9)
We will take it to be zero in our later discussions.
The chiral Lagrangian for strong coupling involving a pentaquark, a baryon and a pseu-
doscalar is given by
LPNΠ = gPNΠP¯
µ
ilmγ5ΓP (Aµ)
l
jN
m
k ǫ
ijk +H.C. (10)
From the above we have
6
Γ(P → NΠ) = g
2
PNΠ
2f 2
Phase
16πmP
1
3
((PˆmP +mN)
2 −m2Π)
× ( 1
4m2P
(m2P +m
2
Π −m2N)2 −m2Π). (11)
Combining the above information we obtain the matrix element for P → NΠγ
M(P → NΠγ) = egPNΠ√
2f
aPNΠǫ
∗
µN¯ [QΠγ5ΓPg
µν
− (QNγµ +
µN
2
[γµ, γ · Pγ ])
1
γ · Pγ + γ · PN −mN
γ5ΓPP
ν
pi
+ γ5ΓPP
α
ΠG
ν
α (QPγ
µ +
µP
2
[γµ, γ · Pγ ])
− QΠ
(2PΠ + Pγ)
µ
(PΠ + Pγ)2 −m2Π
γ5ΓP (PΠ + Pγ)
ν ]Pν . (12)
In the above Gµν is the spin-3/2 propagator resulting from the following most general
Lagrangian[10]
L = P¯µΛ
µνPν ,
Λµν = (γ · PP −mP )gµν + A(γµP νP + P µP γν)
+
1
2
(3A2 + 2A+ 1)γµγ · PPγν +mP (3A2 + 3A+ 1)γµγν . (13)
The propagator is given by[10]
Gµν =
1
γ · PP −mP
(−gµν + 1
3
γµγν +
1
3mP
(γµP νP − P µP γν) +
2
3m2P
P µPP
ν
P )
− 1
3m2P
A+ 1
(2A+ 1)2
((2A+ 1)(γµP νP + P
µ
P γ
ν)
− A+ 1
2
γµ(γ · PP + 2mP )γν +mγµγν). (14)
To include interaction with photon, one uses the minimal substitution which guarantees
gauge invariance to obtain the couplings. The lowest order interaction vertex QP P¯αΓ
αβ
µ Pβ
which is different than spin-1/2 interaction vertex QP P¯ γµP . Γ
αβ
µ is given by
γµgαβ + A(γαg
µ
β + g
µ
αγβ) +
1
2
(3A2 + 2A+ 1)γαγµγ
β. (15)
The final result is A independent. In eq.12 we have chosen a particular case of A = 0 for
simplicity. Therefore one should also use G να with A = 0 in eq.14.
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III. NUMERICAL RESULTS
In our numerical studies, we will concentrate on processes involving pentaquarks with
exotic quantum numbers, the Θ and Ξ−−
3/2 . Processes involving other pentaquarks can be
similarly carried out. We now display our numerical results for both spin-1/2 and spin-
3/2, and different parities cases. For the pentaqaurk masses, we use mΘ = 1542 MeV and
mΞ3/2 = 1862 MeV. We will treat the magnetic dipole moments as free parameters and let
κP = 2mPµP to vary between −1 to 1. The parameter gPNΠ is determined by the decay
width of the pentaquark. In our calculations we will express it as a function of Γθ.
A. Photoproduction
Photoproduction of pentaquark can provide useful information about the pentaquark
properties[6]. An easy way of photoproduction of pentaqaurks is through a photon beam
collides with a fixed target containing protons and neutrons. In this case, only production
of Θ is possible via γn → Θ+K−, and γp → Θ+K¯0. The results for the cross sections in
the laboratory frame (fixed n and p) as functions of photon energies for both spin-1/2 and
spin-3/2 are shown in Figs. 2 and 3.
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FIG. 2: Cross sections for γn→ Θ+K− in the laboratory frame with spin 1/2 and 3/2. Figures a
and b are for positive and negative parities, respectively
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FIG. 3: Cross sections for γp→ Θ+K¯0 in the laboratory frame with spin-1/2 and spin-3/2. Figures
a and b are for positive and negative parities, respectively
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From Figs 2 and 3, it can be seen that for spin-1/2 case the cross section for γn→ Θ+K−
with positive parity has larger cross section than negative parity case. For example for
κΘ = 0 and Eγ = 2.4 GeV, the cross sections for these two cases are 155Γ(Θ
+)nb ·MeV −1
and 17Γ(Θ+)nb·MeV −1, respectively. The cross section for γp→ Θ+K0 with positive parity
has larger cross section than negative parity case, the cross sections for these two cases are
47Γ(Θ+)nb ·MeV −1 and 18Γ(Θ+)nb ·MeV −1, respectively.
For spin-3/2, the negative parity case has larger cross section compared with positive
parity case. For example with κΘ = 0 and Eγ = 2.4 GeV, the cross sections for γn→ Θ+K−
9
are 2350Γ(Θ+)nb ·MeV −1 and 691Γ(Θ+)nb ·MeV −1 for negative parity and positive parity.
The cross sections for γp → Θ+K0 are 1953Γ(Θ+)nb ·MeV −1 and 184Γ(Θ+)nb ·MeV −1
respectively.
One can clearly see from Figures 2 and 3 that regardless the parity, spin-3/2 pentaquark
has cross section larger than spin-1/2. This can provide important information about the
spin. The separation between the cross sections with positive and negative parities is large
which can be used to obtain information about the parity of the pentaqaurk too.
The cross sections also depend on magnetic dipole moment of pentaquarks. From the
figures we see that the changes in the cross section can vary several times when κ changes
from -1 to 1.
The case for Θ with spin-1/2 has been discussed in Ref.[5, 6]. Our approach is the
same as that used in Ref.[5] and we agree with their results which are shown in Fig. 2.
Our approach is different than that used in Ref.[6]. This leads to the different behavior of
photon energy Eγ dependence. Detailed experimental data will provide more information
about the underlying theory for photoproduction. In our estimate we have neglected other
possible intermediate states, such as K∗ which can change the cross section. But model
calculations show that K∗ contribution does not change the general features[6]. We expect
that the results obtained here provide a reasonable estimate.
B. Radiative Decays
Once pentaquarks are produced they can decay radiatively through Θ+ → γK+n, Θ+ →
γK0p, and Ξ−−
3/2 → γK−Σ−, Ξ
−−
3/2 → γπ−Ξ−, respectively.
It is well known that there are divergencies when photon energies approach zero in radia-
tive decays of the types discussed here. To remedy these divergencies, we require that the
photon energies to be larger than 0.05 MeV. The results for radiative Θ decays are shown
in Figs. 4 and 5. The results for radiative Ξ−−
3/2 decays are shown in Figs. 6 and 7.
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FIG. 4: Radiative Θ+ → γnK+ decay for spin-1/2 and spin-3/2. Figures a and b are for positive
and negative parities, respectively
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FIG. 5: Radiative Θ+ → γpK¯0 decay for spin-1/2 and spin-3/2. Figures a and b are for positive
and negative parities, respectively
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For Θ+ radiative decays, the branching ratios for spin-1/2 and spin-3/2 cases are approx-
imately 1.3 × 10−3 and 4 × 10−4 for Θ+ → γnK+ and Θ+ → γpK0, respectively. These
can be used to check the consistence of the model. However, the branching ratios for these
decays are not sensitive to the spin, parity and anomalous magnetic dipole moment of the
pentaqaurks.
The situation changes when consider radiative decays of Ξ−−. From Figs. 6 and 7, one
can see that the branching ratios for spin-1/2 cases are about two times larger than the
11
branching ratios for spin-3/2 cases. It is also interesting to note that the branching ratio for
Ξ−− → γΞ−π− is at the level of a few percent which may be easily studied experimentally.
FIG. 6: Radiative Ξ−−
3/2 → γΣ
−K− decay for spin-1/2 and spin-3/2. Figures a and b are for positive
and negative parities, respectively
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FIG. 7: Radiative Ξ−−
3/2 → γΞ
−pi− decay for spin-1/2 and spin-3/2. Figures a and b are for positive
and negative parities, respectively
-1.0 -0.5 0.0 0.5 1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
10
2 B
R
(
->
)
(a)
P( )=+
 S( )=1/2
 S( )=3/2
-1.0 -0.5 0.0 0.5 1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
10
2 B
R
(
->
)
(b)
P( )=
 S( )=1/2
 S( )=3/2
In conclusion we have studied several radiative processes of pentaquarks using chiral
perturbatin theory. We find that the photoproduction cross sections of Θ+ are sensitive
to the spin, parity and anomalous magnetic dipole moment of the pentaquark. Radiative
decays of Θ+ can also provide consistent check of the theory although these decays are not
very sensitive to the spin, parity and anomalous magnetic dipole moment. Radiative decays
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of Ξ−− are sensitive to the spin of the pentaquark. Near future experiments on pentaquark
radiative processes can provide important information about pentaquark properties.
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